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Abstract
The electrolytic deposition (ELD) of hydroxyapatite (HAP) coating on human enamel surface
for different loading times at varied temperatures (ranging from 37 ◦C to 85 ◦C) and varied
current densities (ranging from 0.05 mA cm−2 to 10 mA cm−2) was investigated in this study.
Thin film x-ray diffraction, Fourier transform infrared and micro-Raman spectra analysis, as
well as an environmental scanning electron microscope, were used to characterize the coating.
The results showed that only the HAP phase occurred on the enamel surface after ELD
experiments. The contents of HAP deposits on the enamel surface linearly changed
proportional to the square root of the loading time, which was in good agreement with the
kinetic model of ELD of HAP coating based on one-dimensional diffusion. The induction
periods were observed on all the regression lines, and the rate of the HAP coating formation on
enamel showed a linear relationship with the current density. It was implied that the diffusion
process was the rate-determining step in the ELD of the HAP coating on human enamel.
1. Introduction
Enamel is the outer layer covering the surface of teeth in most
vertebrates [1]. It is the most calcified tissue in the human
body and mainly consists of carbonated hydroxyapatite (HAP,
Ca10(PO4)6(OH)2). But unlike other mineralized tissues
such as bone and dentin, mature enamel is not a living
tissue; once damaged by caries, it cannot be repaired by
itself. Recently, increasingly concerns have been focused
on the preparation of an enamel-like HAP coating to repair
enamel caries. Yamagishi et al [2] developed a new
dental paste to repair early enamel caries by the localized
growth of a fluoridated HAP coating. Chen et al [3] also
obtained a fluorapatite coating that exhibited human enamel-
like microstructure on an iron plate using the hydrothermal
technique. Inspired by the mechanisms of biomineralization
in nature, a biomimetic mineralization method was also
introduced for the preparation of enamel-like apatite. In
2004, Busch [4] obtained a fluorapatite–gelatin coating
with well-arranged crystal orientation on human enamel
by using the double-diffusion technique. The enamel-like
HAP was also prepared on sulfonic-terminated self-assembled
monolayers (SAMS) from modified simulated body fluid by Li
et al [5]. Most recently, Fan et al [6] reported that
mineral layers containing organized needle-like fluoridated
HAP crystals were obtained on an etched enamel surface
from a biomimetic calcification solution in the presence
of amelogenin and fluoride. In addition, an electrolytic
deposition (ELD) method was also introduced to fabricate an
enamel-like amelogenin-apatite composite coating on a silicon
wafer surface [7] and to prepare a HAP coating on human
enamel surface [8].
Since 1990, the ELD method has been developed to
prepare a calcium phosphate coating because even an irregular
substrate can be coated relatively quickly at low temperature
and a high degree of control of the deposit crystallinity can
be readily obtained [9]. There has been numerous literature
concerning the formation of a HAP coating on titanium by
the ELD method. Ban et al [10] investigated the electrolytic
deposition of calcium phosphate in a temperature range from
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5 ◦C to 62 ◦C and drew the conclusion that the diffusion process
was a rate-determining step in this electrochemical process.
Shirkhanzadeh [11] reported that a nanophase HAP coating
on cathodically polarized titanium electrodes could be directly
obtained while the dilute electrolytes were applied. In contrast,
Rößler et al [12] suggested that the electrochemical deposition
of crystalline HAP under near-physiological conditions was
formed via an amorphous precursor that mimics in vivo
mineralization. Ye et al [13] reported that rod-like HAP
crystals were deposited on a titanium surface from the dilute
electrolytes with the ELD method. However, all of these
studies are only confined to metallic substrates such as titanium
or other prosthetic alloys. To the best of our knowledge,
few studies have investigated the electrochemical processes of
HAP coating formation on tooth enamel surface.
It is commonly regarded that enamel is an insulator at
room temperature [14]. The properties of enamel might differ
from those of metallic substrates. Therefore, the electrolytic
deposition of the HAP coating on enamel surface would
follow some different mechanisms. The present study is
focused on the electrochemical processes of the HAP coating
formation on human enamel in view of kinetic principles.
Thin film x-ray diffraction (XRD), Fourier transform infrared
(FTIR) and micro-Raman spectra analysis, as well as the
environmental scanning electron microscope (ESEM), were
used to characterize the HAP coating formed on the enamel
surface. Moreover, the content of HAP deposits and the rate
of the HAP coating formation were also investigated. The
results showed that the amount of HAP coating deposited on
the enamel surface was proportional to the square root of the
loading time at each temperature and current density. The
induction period was also observed on the regression lines. In
addition, a kinetic model of the amount and the rate of HAP
coating deposited on the enamel surface was also proposed
based on one-dimensional diffusion, all of which showed good
agreement with experimental results.
2. Materials and methods
2.1. Preparation of enamel specimens
Human third molars without visible caries were selected for the
experiments. They were stored in a physiological solution after
removal of roots and pulps. Subsequently, enamel slabs were
made using a low-speed diamond saw (SYJ-150, Shenyang
Kejing, China). Each enamel specimen was then mechanically
polished using a series of silicon carbide papers to remove the
bacterium speckle and pigment. Finally, the enamel slabs
were washed with de-ionized water and dried in air. The
detailed procedures for the preparation of enamel slabs used
for ELD experiments were also well described in the previous
study [8].
2.2. Electrolytic deposition experiments
ELD experiments were all carried out in a two-electrode
system. The electrolytes contained 4.175 × 10−4 M
Ca(NO3)2 · 4H2O and 2.4 × 10−4 M NH4H2PO4, with the
addition of 0.1 M NaNO3 to improve the ionic strength.
The initial pH of electrolytes was adjusted to 6.50 by the
0.1 M NaOH solution. The cathodic current density, deposit
temperature and loading time of the cathodic current ranged
from 0.05 mA cm−2 to 10 mA cm−2, 37 ◦C to 85 ◦C and
20 min to 60 min, respectively. A platinum plate served
as a counter electrode, while a slice of stainless steel was
the work electrode. The enamel specimen was put close to
the stainless steel, with the enamel surface to be subjected
to coating facing the counter electrode. The schematic
device for the ELD experiments can be found in [8]. All
ELD experiments were performed in a cathodic galvanostatic
mode controlled by a potentiostat/galvanostat system (Model
263 A, EG&G Instruments, Inc., USA).
2.3. Observations and characterizations
The thin film x-ray diffraction mode (incident angle 0.2◦)
for phase identification of the coating deposited at different
temperatures was performed by an X’pert x-ray diffractometer
(XRD, X’pert PRO, Panalytical, The Netherlands), with Cu
Kα1 radiation (λ = 1.540 56 Å) at 40 kV and 30 mA. The
samples were measured in the 2θ range from 20◦ to 80◦ (scan
speed of 0.0217◦ s−1).
The deposits formed after the electrolytic deposition were
carefully scraped from the enamel surface and mixed with
KBr to form a pellet for Fourier transform infrared spectra
(Avatar 360, Nicolet, USA) analysis. Micro-Raman analysis
of the enamel surface after electrolytic deposition was also
performed (Super LabRam, Dilor). The spectra were collected
using 785 nm laser excitation with the spectrum resolution of
1 cm−1.
The morphologies of the coating deposited at different
temperatures were observed using the environmental scanning
electron microscope (ESEM, XL30, Philips-FEI, The
Netherlands) with an accelerated voltage of 20 kV.
All of the prepared enamel specimens were dried in air at
60 ◦C for 30 min before and after the ELD experiments. Then
the masses of the dried enamel specimens were measured using
an electronic balance (Sartorius, BS224S), and the amount of
hydroxyapatite coating deposited on the enamel surface was
determined by the additional masses of the enamel specimens
after the ELD experiments.
3. Results and discussion
Various calcium phosphate phases on the cathodic substrate
could be obtained through the electrolytic deposition method
[9–12]. However, in the present study dilute electrolytes
with a relatively higher pH value (pH = 6.50) were applied,
which facilitate the direct formation of hydroxyapatite on
the enamel surface [11]. The thin film XRD patterns
(figure 1) of the coating obtained at the temperatures of
37 ◦C, 55 ◦C, 70 ◦C and 85 ◦C matched well with the HAP
phase according to the PDF card (#09-0432). Figures 2 and 3
show the FTIR and Raman spectra of the coating deposited at
37 ◦C respectively. The bands at 1634 cm−1 and 2972 cm−1
in the FTIR spectrum were respectively assigned to the O–H
2
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Figure 1. Thin film XRD patterns of the enamel surface after the
electrolytic deposition for 1 h at the current density of 0.5 mA cm−2.
Figure 2. FTIR spectrum for the deposits on the enamel surface
after the electrolytic deposition for 1 h at 37 ◦C with the current
density of 0.5 mA cm−2.
in-plane bending vibration and O–H stretching vibration from
HAP crystals [15, 16]. There were no bands in the FTIR
and Raman spectra corresponding to other calcium phosphate
phases such as octacalcium phosphate (OCP) and dicalcium
phosphate dihydrate (DCPD), which further confirmed the
formation of the HAP coating on the enamel surface.
During the ELD process of HAP crystals, the morphology
and crystallization rate of the coating depended greatly
on the cathodic current density and temperature [10, 17].
Figure 4 shows the morphologies of the HAP coating on the
enamel surface at different deposited temperatures. When
deposition was carried out at higher temperature, faster
migration of ions occurred and the crystallization barrier would
be lowered greatly. Accordingly, a denser HAP coating
was obtained (figure 4(d)). Generally, the rate of HAP
crystallization increased with both the current density and
the temperature. In this study, the amount of HAP coatings
deposited on enamel was plotted as the square root of the
Figure 3. Raman spectrum for the coating deposited at 37 ◦C for 1 h
with the current density of 0.5 mA cm−2.
Figure 4. Morphologies of the coated enamel surface at different
deposited temperatures: (a) 37 ◦C, (b) 55 ◦C, (c) 70 ◦C and
(d) 85 ◦C.
loading time of the cathodic current, as shown in figures 5
and 6. A linear change for the amount of HAP coating on
human enamel against the square root of the loading time at
each temperature and current density was observed (figures 5
and 6).
3.1. Kinetic model of the amount of HAP coating deposited
on the enamel surface
Zhitomirsky [18] demonstrated that the electrodeposition
of ceramic materials mainly includes mass transport,
accumulation of particles near the electrode and their
coagulation to form a cathodic deposit. Among these,
mass transport is an important step that can determine the
rate of electrolytic deposition. In general, mass transport
occurs simultaneously through the diffusion, convection and
3
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Figure 5. HAP coating amount as a function of the square root of
current loading time at different temperatures.
Figure 6. HAP coating amount as a function of the square root of
current loading time at different current densities.
electromigration processes in an electrochemical deposition
system. In this study, the convective mass transport was
negligible since no stirring was used. Therefore, diffusion
and electromigration were assumed to be the dominant mass
transport during the electrolytic deposition of HAP. In addition,
the diffusion was simplified as a one-dimensional process as
shown in figure 7.
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Figure 7. Simplified schematic diagram for the diffusion process of
the HAP coating formation on enamel.
Combining this equation with the initial conditions and the
boundary conditions of equations (2)–(4), the concentration of
hydrogen ions could be expressed as























where C1 is the initial concentration of H+, vi is the number of
reactive ions, I0 is the constant current density, F is the Faraday
constant and D1 is the diffusion coefficient. In the process of
the electrolytic deposition of HAP, reactions usually occurred
at or near the cathode. The concentration of hydrogen ions in
the vicinity of the cathode could then be written as






The corresponding hydroxyl concentration near the cathodic
surface was presented as









Both the concentrations of Ca2+ ions and H2PO
−
4 ions
near the cathodic surface were lower than that in the bulk
solution due to the crystallization of HAP crystals near the
cathode. Therefore, a concentration gradient occurred and
became the driving force for moving Ca2+ ions and H2PO
−
4
ions towards the cathode. However, a driving force caused
by the electromigration of both cations and anions under
the electric field also exists at the same time. Accordingly,
the expressions for the concentrations of Ca2+ and H2PO
−
4 are
more complicated. In general, the crystallization of HAP in the
vicinity of the cathode greatly depended on the concentrations
of OH−, Ca2+ and H2PO−4 as shown in reaction (12):
2H2O + 2e
− → H2↑ + 2OH− (8)
NO−3 + H2O + 2e
− → NO−2 + 2OH− (9)
OH− + H2PO−4 → HPO2−4 + H2O (10)
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HPO2−4 + OH
− → PO3−4 + H2O (11)
10Ca2+ + 6PO3−4 + 2OH
− → Ca10(PO4)6(OH)2. (12)
The factor involved in the concentration of OH− can be
expressed as equation (6) or (7), while that involved in
the concentrations of Ca2+ and H2PO
−
4 can be represented
by the parameter of supersaturation S(T) (assuming that
the supersaturation was a function of the temperature).
Accordingly, the amount of HAP coating (X) formed at the
cathode can be expressed as









where K1 is a constant.
Assuming S(T )K1C1 = A1, −S(T ) · 2vi I0nF√πD1 = A2, the
expression of (13) could be simplified as
X = A1 + A2
√
t . (14)
Equation (14) suggests that the amount of HAP coating formed
at the cathode would be proportional to the square root of the
loading time of cathodic current or potential, provided that the
diffusion of ions in the electrolyte solution played a dominant
role during the electrolytic deposition process.
A lower concentration electrolyte (4.175 × 10−4 M Ca2+)
and a near-physiological pH (6.5) were applied in the present
study, and the formation of precursors such as amorphous
calcium phosphate were ruled out [11]. Therefore, diffusion
plays a dominant role in the cathodic deposition of the HAP
coating. The linear relationship between the HAP coating
amount on the enamel surface and the square root of current
loading time matched well with the above kinetic model (see
equation (14)). The results also implied that the diffusion
process of the ions through the boundary layer between the
electrode and the solution was the rate-determining step in the
electrolytic deposition of the HAP coating on human enamel.
A similar conclusion was also drawn by Ban et al in a previous
study [10]. Although in their studies cathodic deposition was
carried out on the titanium substrate, the contents of deposits
they calculated also followed the kinetic model as shown in
equation (14).
3.2. Rate of HAP coating formation against current density
At higher current density, both the calcium ions moving
towards the cathode and the generation of hydroxyl ions in the
vicinity of the cathode would be enhanced. Accordingly, the
critical supersaturation for HAP precipitation on the enamel
surface could be readily achieved, which would accelerate the
rate of the HAP coating formation.





− → Ca5(PO4)3OH + 6H2O. (15)
According to the Arrhenius equation, the reaction rate of HAP





Figure 8. The rate of HAP coating formation as a function of
current density.
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νHAP = dnHAP
dt
= −vi · S(T )











= A3, then equation (18)






Equation (19) suggests that when the deposited temperature
and the loading time were fixed, the rate of the HAP coating
formation (νHAP) would be proportional to the cathodic current
density (I0).
In this study the rate of HAP formation on the enamel
surface was calculated according to a measured amount of
coating after 20 min deposition at the current densities of
0.05 mA cm−2, 0.5 mA cm−2, 1 mA cm−2, 2.5 mA cm−2,
5 mA cm−2 and 10 mA cm−2, respectively (deposit
temperatures were all maintained at 55 ◦C). The correlation
between the rate of the HAP coating formation and the current
density is shown in figure 8. The regression equation also
suggested that the rate of the HAP coating deposited on
human enamel showed a near-linear relationship with the
cathodic current density at a given temperature and loading
time.
Previous studies generally demonstrated that relatively
low deposition rates were observed at higher current densities
due to the more vigorous evolution of hydrogen gas [18].
However, during the deposition of the HAP coating on tooth
enamel the surface of the enamel lacked free electrons and
contained phosphate ions and hydroxyl ions after acidic
pretreatment [8]. Therefore, the properties of the enamel
surface might differ from those of the metallic substrate.
Hydrogen gas was generated when the positive hydrogen ions
5
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in the electrolyte accepted the free electrons at the metal
substrate. Since enamel slabs were placed on to a stainless
iron plate, more hydrogen gas evolved near the stainless iron
plate with the increased current density, but it was most
likely to be degassed near the enamel surface. Moreover,
the maximum current density applied in this study was only
10 mA cm−2, which was regarded as the critical current
density that allows the complete formation of HAP coatings
on metallic substrates [12]. In summary, rationalities were
still maintained on the linear relationship between the rates
of the HAP coating deposited on the enamel surface at the
current densities ranging from 0.05 mA cm−2 to 10 mA cm−2.
In addition, it was also proposed that the electrolytic deposition
of the HAP coating could be a promising method for repairing
initial enamel caries [8]. However, for facilitating the
application in clinics, a specially designed mouth guard would
be required to serve as a two-electrode electrochemical cell,
with the inner peripheral wall serving as the cathode and the
outer peripheral wall as the anode [8].
3.3. Induction period
Nucleation was believed to play a key role in the mineralization
process [20]. The induction periods were usually used to
characterize the kinetics of nucleation since it was difficult
to perform a direct measurement of the nucleation rate [21].
In the ELD process, the induction periods were thought to
be the time required to increase the pH of the electrolyte around
the cathode by the formation of hydrogen gas and to initiate
the deposition of the HAP coating on the enamel surface
[10]. With increasing temperature, the flow of the current
would increase due to the decrease in the electrical resistance
of the electrolyte [10]. Higher pH would be generated in
the solution near the cathode by the faster formation of
hydrogen gas and the reduction of the nitrate ions as shown in
reactions (8) and (9), which would result in a faster nucleation
of HAP crystals and thus a shorter induction period. In
this study the induction periods at different temperatures for
HAP crystallization were indirectly determined from the x-
axis interceptions of the regression lines of the HAP coating
amount versus the square root of loading time [10]. The
induction time obtained from the regression lines was plotted
against the deposit temperature as shown in figure 9, which
indicated that the induction periods for HAP nucleation on
the enamel surface by the ELD method decreased at higher
temperature.
In the classical nucleation theory (CNT), the nucleation
rates (rates of events passing the critical barrier) according to
the Becker–Döring theory are given by the following equation
[22]:
















where k is the Boltzmann constant, 
GCNTi is the change in
the Gibbs free energy associated with the i-mer formation
and KBD is the kinetic prefactor. The nucleation rate would
Figure 9. The relationship between the induction time and the
deposited temperature.
increase with the temperature as shown in equation (20).
Previous studies demonstrated that the induction period in
crystallization was inverse to the nucleation rate [23]. It was
suggested that the induction period would become shorter by
increasing the temperature. In the present study, the nucleation
rate for HAP crystals deposited on the enamel surface would
be increased at a higher temperature due to the relatively lower
nucleation barrier. Therefore, the time required for the start
of HAP coating deposition on the enamel surface would be
reduced at a higher temperature with more ready nucleation
for HAP crystals.
4. Conclusions
The amount of HAP coating formed on the enamel surface by
ELD experiment showed a linear change against the square
root of loading time at each temperature and current density.
The results agreed well with the kinetic model based on a
one-dimensional diffusion process. A near-linear relationship
was also found between the rate of the HAP coating formation
and the current density within the given loading time. The
induction periods were observed from the regression lines and
showed a decrease with increasing deposition temperature. It
was implied that the diffusion process was the rate-determining
step for the electrolytic deposition of the HAP coating on
human enamel.
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